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Abstract
The application of a controllable neutron source for measuring formation porosity in the advancement of nuclear logging has 
garnered increased attention. The existing porosity algorithm, which is based on the thermal neutron counting ratio, exhibits 
lower sensitivity in high-porosity regions. To enhance the sensitivity, the effects of elastic and inelastic scattering, which 
influence the slowing-down of fast neutrons, were theoretically analyzed, and a slowing-down model of fast neutrons was 
created. Based on this model, a density correction porosity algorithm was proposed based on the relationship between density, 
thermal neutron counting ratio, and porosity. Finally, the super multifunctional calculation program for nuclear design and 
safety evaluation (TopMC/SuperMC) was used to create a simulation model for porosity logging, and its applicability was 
examined. The results demonstrated that the relative error between the calculated and actual porosities was less than 1% , and 
the influence of deviation in the density measurement was less than 2% . Therefore, the proposed density correction algorithm 
based on the slowing-down model of fast neutrons can effectively improve the sensitivity in the high-porosity region. This 
study is expected to serve as a reference for the application of neutron porosity measurements with D–T neutron sources.
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1 Introduction

Neutron porosity logging is a conventional geophysical 
measurement method used to determine the formation poros-
ity. The americium–beryllium (Am–Be) source is commonly 
used for conventional porosity measurements. However, 
they pose potential risks to safety, health, and the environ-
ment [1–4]. Researchers have studied substitution chemical 
sources with deuterium–deuterium (D–D) neutrons [5–7]. 
However, the neutron yield of D–D neutron sources is rela-
tively low, which restricts their application [8, 9].

In 2005, the oilfield services company Schlumberger 
(now SLB) began using a deuterium–tritium (D–T) neu-
tron source for compensated thermal neutron porosity 
logging [10]. Compared to the chemical source, the D–T 
neutron source has a higher neutron yield, higher neutron 
energy of 14 MeV, and a longer slowing-down length of the 
neutron; thus, D–T neutron logging can detect more thermal 
neutrons and has a higher detection accuracy.

Nevertheless, neutron slowing-down is facilitated by 
inelastic scattering owing to the higher energy of neutrons. 
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Consequently, the D–T neutron recording exhibits reduced 
sensitivity to porosity compared to the chemical source [11, 
12], as measured by the conventional neutron porosity inter-
pretation model founded on the Am–Be source [13–15].

To overcome this problem, various density correction 
methods have been proposed to improve the porosity sen-
sitivity of D–T neutron logging. The near and far thermal 
neutron counts were corrected using the density correction 
function, and the modified thermal neutron counting ratio 
was considered to be only associated with the hydrogen-con-
taining index [16]. Further, the density correction methods 
were summarized to modify the thermal neutron counting 
ratio and studied by MC simulation [17]. The relationship 
of slowing-down length of neutrons between the formation 
density and hydrogen index was deduced and numerically 
simulated [18]. Based on data from the standard calibration 
experiment and actual logging [19, 20], it was verified that 
the density correction results were consistent with the iso-
topic neutron source.

In addition, the slowing-down length of the D–T neutron 
source can be converted into that of the Am–Be source. One 
method involves the relationship between the neutron slow-
ing-down length, capturing of the cross section, and density 
to predict the counting ratio [21]. The second involves the 
combination of the two-group diffusion theory with the for-
mation density, reaction cross section, and neutron slowing-
down length [22].

In these studies, the slowing-down length is written as 
L2
s
= L2E0−E1

+ L2E1−Et
 , where LE0−E1

 is the slowing-down 
length for neutrons from energy E0 = 14 MeV to E1 , and 
LE1−Et

 is the slowing-down length for neutrons from energy 
E1 to Et of thermal neutron. The corresponding correction 
methods are based on the assumption that the slowing-down 
length is determined by the inelastic scattering from E0 to E1 
and the contribution of elastic scattering is ignored.

The slowing-down of neutrons is the result of both elas-
tic and inelastic scattering. At high porosity, because of 
the higher hydrogen content, the free mean path of elas-
tic scattering is short [23, 24] and LE0−E1

 is dominated by 

inelastic scattering. At low porosity, elastic scattering can-
not be ignored because of the long free mean path of the 
elastic scattering of D–T neutrons for LE0−E1

 that are pri-
marily contributed by C, O, and Ca. Ignoring this results in 
measurement deviations in porosity logging at low porosi-
ties. To improve the accuracy of D–T neutron porosity log-
ging, a neutron slowing-down model of the D–T source is 
presented in Sect. 2, which considers elastic scattering in 
the entire process. In this model, both elastic and inelas-
tic scattering are considered for neutron slowdown. Based 
on this model, an algorithm for porosity density correction 
based on the relationship between the density and poros-
ity is developed in Sect. 3. Finally, the effectiveness of the 

proposed method is verified using a multifunctional cal-
culation program for nuclear design and safety evaluation 
(TopMC/SuperMC) [25].

2  Theoretical analysis

2.1  Distribution of the thermal neutron

Based on the two-group diffusion theory, the distribution 
of the thermal neutron flux density for a fast neutron point 
source in an infinite uniform medium is expressed as [22]

where Q is the strength of the fast neutron point source, r is 
the detector spacing, and Dt , Lf , Lt are the thermal neutron 
diffusion coefficient, fast neutron slowing-down length, and 
thermal neutron diffusion length, respectively. In a normal 
formation, Lf is significantly larger than Lt , and Eq. (1) can 
be approximated as follows:

Assuming that the near and far detector spacings are rs and rl 
(as shown in Fig. 1), and the detector efficiencies are �l and 
�s , the detector counting ratios of the near and far detectors 
are expressed as follows:

The detector counting ratio is related to the length of the fast 
neutron slowing-down length.

In conventional compensated porosity logging, the energy 
of the neutrons emitted from the Am–Be source is below 5 
MeV, and the neutrons are primarily slowed down by elastic 

(1)�t(r) =
Q

4�Dtr

L2
t

L2
f
− L2t

(
e−r∕Lf − e−r∕Lt

)
,

(2)�t(r) =
Q

4�Dtr

L2
t

L2
f
− L2t

e−r∕Lf .

(3)Rt =
�lrl

�srs
e
(rl−rs)∕Lf .

Fig. 1  Model of point source
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scattering with hydrogen in the formation. The counting ratio 
of the thermal neutrons reflects the porosity of the formation. 
However, the neutron produced by the D–T reaction has an 
energy of 14 MeV, and neutrons are slowed down by elas-
tic and inelastic reactions with the elements of the formation. 
Therefore, the porosity of the formation cannot be directly 
determined by the counting ratio of thermal neutrons.

2.2  The slowing‑down model of the fast neutron

In this subsection, a slowing-down model of the D–T neu-
tron is established to investigate the relationship between the 
slowing-down length Lf and elastic scattering, particularly at 
low porosity.

According to the diffusion equation [23], the slowing-down 
length Lf can be expressed as:

where r is the straight-line distance from a D–T neutron 
slowed down to a thermal neutron. As shown in Fig. 2, the 
neutron slowing-down process can be calculated using the 
multigroup calculation method [26].

According to neutronics,

where rk is the distance traveled by the neutron between the 
(k − 1) th and kth scattering with the formation, E0 is the 
energy of the D–T neutrons of 14 MeV, and Et is the energy 
of the thermal neutrons.

When a neuron slows, there are two types of scattering: 
elastic and inelastic. In elastic scattering, the neutron strikes 
the nucleus, and the state of the nucleus remains in the ground 
state. The process of inelastic scattering is identical to that of 
elastic scattering except that the nucleus remains in an excited 
state. Neutrons are slowed by numerous elastic and inelastic 
scatterings. Therefore, r2 in Eq. (5) is expressed as follows:

(4)Lf =

√
r2

6
,

(5)r2 = r2
1
+ r2

2
+⋯ + r2

n

(6)r2 = ninr
2
in
+ nelr

2
el

where n̄in and n̄el are the average inelastic and elastic scat-
tering numbers, respectively. Further, r2

in
 and r2

el
 can be 

expressed as

where �in and �el are the inelastic and elastic mean free paths, 
respectively, and Σin and Σel are the macroscopic inelastic 
and elastic cross sections, respectively. By substituting 
Eqs. (6) and (7) into Eq. (4), Lf is rewritten as

A neutron slowing-down model was established to obtain 
nin and nel . In this model, neutrons were slowed by elastic 
scattering or both elastic and inelastic scattering. To sim-
plify the calculation, it was assumed that inelastic scattering 
is effective such that the energy of the neutrons fell below 
E1 , which is the threshold of inelastic scattering, by single 
inelastic scattering.

We assume that a =
Σin

Σin+Σel

 and b =
Σel

Σin+Σel

 are the prob-
abilities of inelastic and elastic scattering, respectively, 
and the neutron energy drops to E1 after i collisions of 

elastic scattering. When i =
ln
(

E0

E1

)

�
 , � is the lethargy of the 

formation owing to an elastic collision [23].
Based on this assumption, n̄in and n̄el can be obtained as 

follows:

The above equations indicate that n̄in and n̄el are affected by 
the Σel , Σin , and � , which are determined by the nuclides in 
the formation. Further, b 1−bi

1−b
 is the average number of elastic 

scattering during the neutron slowing-down process from 
the E0 to the E1 . As the elastic scattering cross section Σel in 
the formation is considerably larger than the inelastic scat-

tering cross section Σin , we have 1−b
i

1−b
≈ i =

ln
(

E0

E1

)

�
 . By sub-

stituting Eq.  (9) into Eq. (8), Lf can be rewritten as 
follows:

(7)

r2
in
= 2�2

in
=

2

Σ2
in

r2
el
= 2�2

el
=

2

Σ2
el

(8)Lf =

√
nin

3Σ2
in

+
nel

3Σ2
el

(9)

nin = a
1 − bi

1 − b

=
Σin

Σin + Σel

1 − bi

1 − b

nel = i + b
1 − bi

1 − b

=
ln
(

E1

Et

)

�
+

Σel

Σin + Σel

1 − bi

1 − b

Fig. 2  Neutron slowing-down process
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where Lin
E0−E1

=

√
ln
(

E0

E1

)

3�Σin(Σin+Σel)
 is the slowing-down length of 

the inelastic scattering, Lel
E0−E1

=

√
ln
(

E0

E1

)

3�Σel(Σin+Σel)
 is the slow-

ing-down length of the elastic scattering in the neutron 
slowing-down process from energy E0 to the E1 and 

Lel
E1−Et

=

√
ln
(

E1

Et

)

3Σ2
el
�

 is the slowing-down length of the elastic 

scattering through which the neutron is slowed down from 
the energy E1 to Et . Equation (10) shows that the elastic scat-
tering of high-energy neutrons corrects the slowing-down 
length.

2.3  Slowing‑down model of the fast neutron

To analyze the effects of elastic and inelastic scattering on 
the neutron slowing-down length, Table 1 presents the theo-
retical calculation results for the slowing-down length of 
D–T neutrons in limestone with different porosities ( 0% to 
100% ). Specifically, the threshold of inelastic scattering was 
set to 3.6 MeV for limestone [24], and the cross sections for 
inelastic and elastic scattering attained the one correspond 
to the neutron energies of 14 MeV and 10 MeV.

When the porosity of the limestone was 0% , there was no 
water in the limestone; the macroscopic cross section of 
inelastic scattering was 0.0279 cm−1 , and the macroscopic 
cross section of elastic scattering was 0.3248 cm−1 [24]. 
Therefore, the free path of inelastic scattering was approxi-
mately 35 cm, whereas that of elastic scattering was approxi-
mately 3 cm. However, the nuclides in limestone are primar-
ily C, H, and Ca. These nuclides have a weaker ability to 
slow down neutrons, thus resulting in more elastic collisions 

(10)Lf =

√
(Lin

E0−E1
)
2
+ (Lel

E0−E1
)
2
+ (Lel

E1−Et
)
2 (about 165 times). This resulted in (Lel

E0−Et
)
2
= 525.56 cm2 

and (Lin
E0−E1

)
2
= 262.36 cm2 . Thus, the effect of elastic scat-

tering on the slowing-down length exceeded the contribution 
of inelastic scattering. These factors resulted in a theoreti-
cally calculated slowing-down length of the D–T neutrons 
up to 28 cm. As the amount of water in the limestone 
increased, the porosity increased. In this situation, the mac-
roscopic cross section of the inelastic scattering decreased 
slowly; however, the macroscopic cross section of the elastic 
scattering increased rapidly. In particular, hydrogen, the 
nuclide with the strongest ability to slow down neutrons, 
also caused the number of elastic scatterings to decrease 
rapidly. For example, when the porosity was increased to 
10% , the number of elastic scatterings decreased to 43, the 
elastic scattering free path was 2.0 cm, the number of inelas-
tic scatterings decreased to 0.14, and the inelastic scattering 
free path was 38 cm. At this point, the contribution of the 
elastic scattering to the slowing-down length was less than 
that of the inelastic scattering. When the porosity exceeded 
50% , the contribution of elastic scattering was significantly 
lower than that of inelastic scattering and could be ignored.

When the slowing-down power of the formation is weak, 
neutrons are more likely to reduce their energy through 
inelastic scattering; therefore, inelastic scattering occurs 
more frequently. When the slowing-down power of the for-
mation is enhanced, the neutrons can reduce the energy to 
below E1 through a few collisions. Therefore, the probability 
and amount of inelastic scattering decrease. However, the 
free path of elastic scattering is small, rendering the contri-
bution of inelastic scattering to the slowing-down length 
more dominant. Table 1 also indicates the contribution of 
the elastic scattering of the D–T neutron in the high-energy 
region (14 MeV to E1 ). The variation of the slowing-down 
length of the elastic scattering in the high-energy region 
(Lel

E0−E1
)
2 was consistent with the variation of the whole elas-

Table 1  Theoretical calculated 
parameters of D–T neutron 
slowing-down length in 
limestone

Porosity (%) nel nin (Lin
E0−E1

)
2
(cm2) (Lel

E0−E1

)
2
(cm2) (Lel

E1−Et

)
2
(cm2) (Lel

E0−Et

)
2
(cm2) (Lel

E0−E1
)
2

(Lel
E0−Et

)
2

 (%)

0 166.33 0.613 262.36 22.54 503.02 525.56 4.29
10 42.76 0.136 66.35 3.42 52.10 22.28 6.42
20 31.70 0.072 40.28 1.43 20.85 7.64 6.54
30 27.55 0.047 30.41 0.79 11.33 3.85 6.75
40 25.38 0.033 25.29 0.50 7.14 2.32 6.90
50 24.05 0.025 22.49 0.35 4.91 1.54 6.49
60 23.14 0.019 20.80 0.26 3.59 55.52 6.16
70 22.49 0.021 20.04 0.20 2.74 12.12 6.52
80 21.99 0.015 19.80 0.16 2.16 5.26 6.65
90 21.61 0.009 20.31 0.13 1.75 2.94 6.80
100 21.30 0.007 21.35 0.10 1.44 1.88 6.91
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tic scattering slowing-down length, that is, the slowing-
down length of the elastic scattering decreased rapidly as the 
porosity increased. However, the slowing-down length of the 
elastic scattering from E1 to Et decreased faster than that in 
the high-energy region.

When the porosity was 0% , the proportion of (Lel
E0−E1

)
2 in 

the elastic scattering reached approximately 4% , whereas at 
a porosity of 30% , the proportion of (Lel

E0−E1
)
2 was approxi-

mately 7% . Therefore, the contribution of elastic scattering 
in obtaining more accurate porosity measurements cannot 
be ignored. Therefore, when addressing the slowing-down 
length above the inelastic threshold energy, although the 
contribution of the slowing-down length primarily originates 
from inelastic scattering, the contribution of elastic scatter-
ing cannot be ignored. Otherwise, it affects the accuracy of 
the porosity measurement.

In the existing D–T neutron porosity logging method, the 
elastic scattering of the high-energy part is directly ignored, 
and porosity measurement is directly associated with elastic 
scattering below the threshold energy. As shown in the table 
above, although the elastic scattering of high-energy neu-
trons has a minimal contribution to the slowing-down length 
during the D–T neutron slowing-down process, it can still 
cause an error of approximately 4% if ignored. Therefore, if 
D–T neutrons are used for porosity logging, it is necessary 
to establish a suitable porosity logging method suitable for 
the D–T neutron.

3  Density correction porosity algorithm

According to Eq. (3), the thermal neutron counting ratio 
Rt remains almost unchanged in the high-porosity region 
because of inelastic scattering [22]. Therefore, the porosity 
is less sensitive to the thermal neutron counting ratio for 
the D–T neutron source at high porosity. To enhance the 
sensitivity of porosity, a density correction method based on 
Eq. (11) is introduced in this section. By combining Eqs. (9) 
and (10), the slowing-down length can be written as follows:

Equation (11) shows that Lf is correlated with the macro-
scopic cross section of elastic and inelastic scattering, and 
the contribution of elastic scattering to the slowing-down 
length is divided into terms above and below E1 . This shows 
that elastic scattering cannot be ignored compared with ine-
lastic scattering, particularly for cases with low porosity.

(11)

Lf =

√√√√√ ln
(

E0

E1

)
Σin

3�Σ2
in
(Σin + Σel)

+
ln
(

E1

Et

)

3�Σ2
el

+
ln
(

E0

E1

)
Σel

3�Σ2
el
(Σin + Σel)

If the pore medium is pure water, the relationship between 
formation density and porosity can be described as follows:

where � is the density of the formation in units g∕cm3 , �b is 
the density of the stone, and � is the porosity.

The lethargy of the formation by an elastic collision � 
can be expressed as

where �b , �O , and �H are the lethargies of the stone, oxy-
gen, and hydrogen, respectively, and �i , Ni , and �i

el
 are the 

lethargy, nucleon density, and microscopic elastic scattering 
cross section of the ith nuclide in the formation, According 
to Eqs. (12) and (13), the macroscopic cross section can be 
rewritten as a function of the porosity and density of the 
formation.

where NA is the Avogadro constant, �b is the density of the 
stone, Mb is the molecular weight of the stone, and �b

in/el
 , 

�O
in/el

 , and �H
el

 are the corresponding inelastic/elastic cross 
sections of the stone, oxygen, and hydrogen, respectively. 
As evident, Σin exhibits a linear relationship with � and Σel 
and �Σel have a linear relationship with �.

Substituting Eqs. (11) and (14) into Eq. (3), the rela-
tionship between the porosity � , density � and ratio Rt is 
obtained as follows:

The equation above is a second-order function of � , and the 
root can be obtained as follows:

(12)� = � + (1 − �)�b

(13)

� =

∑n

i
�iNi�

i
el∑n

i
Ni�

i
el

=
�bNb�

b
el
+ �HNH�

H
el
+�ONO�

O
el

Σel

(14)

Σin = NA

[
�b�

b
in

Mb

(1 − �) +
�O
in

18
�

]

= NA

[
�b�

b
in

Mb

1 − �

1 − �b
+

�O
in

18

� − �b

1 − �b

]

Σel = NA

[
�b�

b
el

Mb

(1 − �) +
�O
el
+ 2�H

el

18
�

]

�Σel = NA

[
�b�b�

b
el

Mb

(1 − �) +
�O�

O
el
+ 2�H�

H
el

18
�

]

(15)

Lf =

⎛⎜⎜⎝
rl − rs

ln(
�srs

�lrl
Rt)

⎞⎟⎟⎠

2

=
ln(

E0

E1

)Σel + ln(
E1

Et

)Σin

3�ΣelΣinΣel
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In  Eq .  ( 16 ) ,  Z = C + D × f
(
Rt

)
× (g(�) + E)  and 

Y = A + B × f
(
Rt

)
× g(�) , where f (Rt) is a function of sec-

ond-order polynomial with ln(Rt) , and g(�) has a linear rela-
tionship with 1

�
 . The constants A, B, C, D, E are calibration 

factors related to the lithology of the formation and the 
source distances of the detectors, and can be calibrated in 
actual logging.

Equation (16) shows that there exists a complex relation-
ship between porosity, density, and thermal counting ratio. 
In general, the porosity cannot be simply written as the prod-
uct of f (Rt) and g(�) . Therefore, the product of f (Rt) and g(�) 
results in deviations in the D–T neutron porosity logging.

4  Simulation and analysis

Monte Carlo numerical simulation technology is widely 
used in nuclear logging [27–32]. It can effectively, accu-
rately, and reliably simulate the propagation and interac-
tion of particles in a formation, thereby predicting various 
nuclear logging parameters. This is of great significance for 
optimizing logging design, improving logging interpreta-
tion accuracy, and other aspects. To verify the validity of 
Eq. (16), a porosity logging instrument model and a standard 
well model with TopMC/SuperMC were constructed. Con-
sequently, the application of neutron porosity is investigated 
in this section.

4.1  Monte Carlo simulation

To verify the performance of the proposed algorithm, 
TopMC/SuperMC was used to build the tool model and 
simulate D–T neutron porosity logging.

With reference to the NeoScope logging tool of Schlum-
berger, and considering the actual situation of the instru-
ment, including the size of the instrument, detector size, 
and thickness of the shield layer, the instrument design is 
shown in Fig. 3. A neutron porosity logging instrument 
was developed using a D–T neutron source, two 3 He neu-
tron detectors, and two shields. The neutron yield of the 
D–T neutron source was set as isotopic, and the near and 
far source-to-detector spacings were 35 cm and 70 cm. To 
reduce the direct measurement interference from the neu-
tron source, neutron shields were placed between the neutron 
source and the near detector, as well as between the near 
and far detectors, which were made of tungsten alloy. The 
borehole, with a diameter of 20 cm, was filled with fresh 
water and surrounded by limestone rocks of varying porosi-
ties with a diameter and height of 200 cm. The instrument 

(16)� =
1

2

�√
Y2 − 4Z − Y

�

was compressed against the borehole wall, and the limestone 
density was 2.703 g/cm3.

Based on the calculation model shown in Fig. 3, the ther-
mal neutron counts were simulated for different porosities. 
By combining the simulated results with the least-squares 
method, the coefficients in Eq.  (16) are determined as 
follows:

In Eq. (17), Z = 0.1431 × f
(
Rt

)
× (g(�) + 0.092) − 0.0046 

and Y = 4.6069 − 0.9431 × f
(
Rt

)
× g(�).

4.2  Verification of the algorithm

According to the algorithm of Eq. (17), the D–T neutron 
porosity logging was simulated with limestone porosity of 
0.1% , 1% , 2% , 3% , 5% , 7% , 10% , 13% , 17% , 21% , 26% , 31% , 
37% , 43% , 50% , 57% , 65% , 73% , 82% , 91% , and 99.9% . Fig-
ure 4 shows the performance of Eq. (17) for different poros-
ity values, which verifies the accuracy of the equations. The 
calculated values almost always fell on the line 45◦ , and it 
is evident that the porosity values calculated using Eq. (17) 
were highly consistent with the true porosity values. In addi-
tion, Fig. 4 shows the relative errors of the calculated poros-
ity values, which indicate that the relative error between the 
calculated and real porosities was less than 2% when the 
porosity values exceeded 10% . Further, the absolute error of 
porosity was less than 0.1% when the porosity values were 
less than 10%.

If (Lel
E0−E1

)
2 in Eq. (11) is neglected, the slowing-down 

length can be described as Lf =

√
ln
(

E0

E1

)

3�Σ2
in

+
ln
(

E1

Et

)

3�Σ2
el

 . Thus, 

(17)� =
1

2

�√
Y2 − 4Z − Y

�

Fig. 3  (Color online) Model of the instrument and the formation
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Eq. (17) is simplified and the algorithm of the model can 
be obtained as follows:

Figure 5 presents a comparison of the results calculated 
using Eqs. (17) and (18). As evident, the porosity values 
calculated using Eqs. (17) and (18) were consistent with the 
actual porosity values shown in Fig. 5a. Figure 5b shows a 
comparison of the relative errors obtained using Eqs. (17) 
and (18) when the porosity values exceeded 10% . Compared 
with Eq. (17), the relative error of Eq. (18) was larger, par-
ticularly at low porosities. Table 2 indicates that the absolute 
error reached 3.6% . for Eq. (18), because the actual porosity 
was less than 7%. This demonstrates that the influence of 

(18)� = 1.768 ×
ln
(
0.811 × Rt

)2
�

− 0.000176

elastic scattering from E0 to E1 on the porosity measurement 
cannot be ignored.

Fig. 4  (Color online) Results of 
porosity and error determined 
by Eq. (17)

Fig. 5  (Color online) Comparison of the results calculated by Eqs. (17) and (18). a Calculated porosity and b relative error

Table 2  Absolute error of porosity by Eqs. (17) and (18)

Actual 
porosity 
(%)

Calculated porosity (%) Absolute error of porosity 
(%)

By Eq. (17) By Eq. (18) By Eq. (17) By Eq. (18)

0.1 0.1001 2.9772 0.0001 2.8772
1 0.9415 0.9240 − 0.0585 − 0.0760
2 2.0351 0.0657 0.0351 − 1.9343
3 3.0332 0.0503 0.0332 − 2.9497
5 5.0675 1.4789 0.0675 − 3.5211
7 6.9933 3.8063 − 0.0067 − 3.1937
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4.3  Influence of density accuracy on porosity 
measurement

The relationship between density and porosity can be 
observed from Eqs. (12) and (16). As evident, as the density 
decreases, the porosity tends to increase. The introduction 
of density correction has resulted in problems in the accu-
racy of porosity measurements caused by density measure-
ments. In conventional density measurements, the measure-
ment error, Δ� , should generally be less than 0.015 g/cm3 . 
To evaluate the effect of density precision on the neutron 
porosity measurement, the calculated results were obtained 
as shown in Fig. 6 and Table 3 for density errors of +0.015 
g/cm3 and −0.015 g/cm3.

As shown in Fig.  6 and Table  3, the absolute error 
between the calculated and actual porosities was less than 
0.3% when the actual porosity was below 7% . Further, the 
relative error was less than 4% in areas where the actual 
porosity was above 7% . In particular, when the porosity 
exceeded 2% , the relative error was less than 30% . As the 
porosity increased, the relative error gradually decreased. 
Therefore, the measurement error of the density exerts a 
minimal effect on the porosity in conventional density 
measurements.

This method considers the nonlinear relationship between 
the detector count and porosity and density during the trans-
port of D–T neutrons in the formation, indicating that the 
proposed algorithm can effectively improve the measure-
ment accuracy of the porosity compared with the existing 
density correction algorithm. Further, it greatly eliminates 
the influence of density measurement error in the actual 
measurement process.

5  Conclusion

The fast neutron slowing-down length of the D–T source is 
affected by both elastic and inelastic scattering. A slowing-
down model for fast neutrons was established to explain the 
process of neutron slowing-down. In this model, the contri-
bution of elastic scattering to the slowdown of neutrons was 
considered to above the threshold of inelastic scattering. The 
model shows that the slowing-down length of the D–T neu-
trons comprised Lin

E0−E1
 , Lel

E0−E1
and Lel

E1−Et
 . Further analysis 

indicated that for a relatively low porosity of the formation, 
the probability of neutrons slowing-down through inelastic 
scattering was higher. As the porosity increased, the prob-
ability of inelastic scattering decreased. However, owing to 
the rapid increase in the elastic scattering macroscopic cross 
section, the contribution of inelastic scattering to the slow-
ing-down length became significant. The results also indi-
cated that if elastic scattering was ignored above the inelastic 

Fig. 6  (Color online) Effects of density on porosity for density error of a +0.015 g/cm3 and b −0.015 g/cm3

Table 3  Absolute error of porosity with a density error of ± 0.015 
g/cm

3

Actual poros-
ity (%)

Actual density 
( g/cm3)

Absolute error of porosity (%)

Density error 
+0.015 g/cm3

Density error 
−0.015 g/cm3

0.1 2.7013 0.00006 0.00006
1 2.68597 − 0.10158 − 0.01522
2 2.66894 − 0.05899 0.12956
3 2.65191 − 0.10247 0.16961
5 2.61785 − 0.14223 0.27824
7 2.58379 − 0.27453 0.26220



Study of the elastic scattering effects of a slowing-down model on D–T neutron porosity logging  Page 9 of 10 88

scattering threshold energy, it would exert an impact of 
approximately 4% on the slowing-down length of neutron 
elastic scattering. Further, this exceeded the accuracy for 
porosity measurement. Therefore, the effect of elastic scat-
tering cannot be ignored at the high energy in the porosity 
measurement. Based on the slowing-down model, a porosity 
density correction algorithm was developed to improve the 
porosity sensitivity of D–T neutrons. The algorithm was a 
complex function of density and porosity and cannot be sim-
ply written as f (�)g(�).

Finally, a porosity logging model was created using 
TopMC/SuperMC, and the effectiveness of the established 
algorithm was verified through simulations. The results 
showed that the relative error between the calculated and 
actual porosities was less than 2% when the porosity values 
exceeded 10% , whereas the absolute error of the porosity was 
less than 0.1% when the porosity values were less than 10% . 
If Lel

E0−E1
 was ignored, the relative error in porosity reached 

19% . The comparison showed that the elastic scattering of 
high-energy neutrons exerted a significant influence on the 
measurement accuracy of the porosity.

In addition, the effect of density precision on poros-
ity measurement was evaluated. The calculated results 
showed that the absolute error was less than 0.3% when 
the actual porosity was below 7% . Further, the relative 
error was less than 4% in areas where the actual porosity 
was above 7%.

The algorithm, proposed through theoretical deduc-
tion based on the case of a fixed lithology and distance 
between the detector and neutron source, can improve the 
overall measurement accuracy of the density correction 
method. Regarding the use of D–T neutron sources for 
porosity measurements, this study provides certain refer-
ence values.

This study was primarily conducted using simulation 
instruments in a standard well. In the future, scaling and 
tests can be conducted based on actual instruments, and fur-
ther analysis of the influencing factors of complex environ-
ments, particularly the influence of lithology and wellbore 
diameter, will be conducted.
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